Although the transition to selfing in the model plant Arabidopsis thaliana involved the 37 loss of the self-incompatibility (SI) system, it clearly did not occur due to the fixation of a 38 single inactivating mutation at the locus determining the specificities of SI (the S-locus).
Introduction 58
The transition from outcrossing to self-fertilization (selfing) is one of the most 59 frequent evolutionary processes in flowering plants (Stebbins 1974 , Barrett 2002 , Igic et  60 al. 2008, Shimizu and Tsuchimatsu 2015) . Although selfing may lead to inbreeding 61 depression, it has advantages via reproductive assurance (Darwin 1876), and also has 62 automatic transmission advantage (Fisher 1941 
Results

151
Polymorphism and divergence among copies of haplogroup C 152
Only a partial sequence was available for the S-locus of haplogroup C (from accession  153 Lz-0, Dwyer et al. 2013), so we first constructed a bacterial artificial chromosome (BAC) 154 library and obtained the complete sequence of the S-locus region from the accession Ita-155 0, which also carries haplogroup C (Shimizu et al. 2008 ). We recovered an 11-kb 156 sequence fragment with 97% overall identity to the previous data from haplogroup C 157 sequence, including in the intergenic regions (from ATREP20 to ARK3; Fig. 1 ). However, 158
there are major structural differences between the two sequences, including a large 25-159 kb fragment present only in Ita-0 (from TAT1_ATH to ARNOLDY1c, Fig. 1 of SCR and SRK showed high conservation between Ah36 and haplogroup C (Fig 2A and  170 2B), but most intergenic regions within the S-locus showed too little sequence 171 conservation for reliable polarization of the polymorphisms segregating in A. thaliana 172 (Fig 2A) . 173 174
Lack of SCR expression associated with a large deletion in the promoter in haplogroup C 175
Dwyer et al. (2013) showed that SRK is expressed normally in Lz-0 but has 176 inactivating mutations in its coding sequence, while the coding sequence of SCR is 177 functional but poorly expressed. We confirmed a similar pattern in Ita-0: we found 178 substantial expression of SRK in stigmatic tissues but no detectable SCR transcripts in 179 anthers ( Fig. 2C ). Based on our complete sequences of the Ita-0 and Ah36 S-locus, we 180 further observed high conservation of the promoter region of SRK over about 440bp 181 ( Fig. 2B ), whereas the 5' flanking region of SCR was extremely diverged from that of the 182 functional AhSCR36 (Fig. 2B ), possibly accounting for the reduction of SCR expression. 183
SRK amino-acid sequence comparison shows that Ita-0 is an outgroup to all other 184 members of haplogroup C ( Fig. S1 ), suggesting that the rearrangements (as well as any 185 other putative inactivating mutations) occurred before the divergence between Ita-0 186 and other accessions of haplogroup C. 187 188
Identification of diverse sequence types by mapping to multiple references 189 We then took advantage of recently published genomic re-sequencing data in 1,083 We first generated coverage plots against each haplogroup reference for every 200 accession ( Fig 3) . Strikingly, the vast majority of accessions could be categorized into a 201 small number of groups with similar patterns of quantitative coverage to the three 202 reference sequences ( Fig. 4 ). Closer examination of the coverage plots allowed us to 203 identify nine distinctive contiguous fragments of the references (Cov_1, 3 and 4 on 204 haplogroup A and Cov1, 2, 3, 4, 6 and 7 on haplogroup C, Fig. S2 ) that varied 205 qualitatively among accessions and showed a clear bimodal distribution of coverage 206 ( Fig. S3 ). We scored these fragments as either present or absent, leading us to 207 distinguish a total of twelve sets of accessions, plus one singleton sequence, based on the 208 composition of the S-locus ( Fig. 4 ). These sets included three different groups of "pure 209
A" (A1, A2, A3), one limited group of only two "pure B" accessions and three groups of 210 "pure C" accessions (C1, C2, C3). In addition, five groups of accessions showed 211 substantial coverage on both A and C references, and presumably correspond to 212 recombinant accessions (see below). Sanger sequencing confirmed that the border of 213 the deletion of the Cov-2 fragment (distinguishing A2 and R2 haplotypes from the rest of 214
A-carrying accessions) was the same as that previously identified in C24 (Sherman 215
Broyles et al. 2007). A single accession (Db-1) did not appear to match any of the three 216 reference sequences (Fig. 4) , and may represent either a fourth ancestral haplogroup 217
(which would be present at extremely low frequency), or a rare complete deletion of the 218 S-locus specific to this accession. 219 220
Geographical distribution of S-haplogroups 221
The data resulting from the classification described above provide a species-level 222 distribution of S-locus genotypes -the first in any species (Fig. 5 ). Globally, haplogroup 223
A is common (43.21%), while haplogroup C is rare (5.38%), and haplogroup B is 224 extremely rare (two accessions, 0.18%). Surprisingly, the remaining accessions carry 225 recombinant haplotypes (51.5 %, see below). Haplogroup A was widely distributed 226
across Europe but was particularly common in the east. In contrast, haplogroup B was 227 only found in the two accessions in which it had already been reported, i.e. in the Canary 228
and Cape Verde Islands. Haplogroup C was more common in western Europe, and it 229 always occurred together with with haplogroup A and recombinant haplotypes. 230
Altogether, both A and C are found across Europe, with a tendency for higher frequency 231 of A in the east and C in the west (Fig. S4 ). 232
Genome-wide patterns of divergence identified several groups of 'relict' accessions 233 that directly derive from glacial refugia, with very limited amount of admixture since 234 then (The 1001 Genomes Consortium, 2016). If the breakdown of SI had occurred within 235 these refugia, then S-haplotypes would have become differentially fixed locally and the 236 'relict' accessions would be monomorphic, each with a different haplogroup at the S-237 locus. This prediction may hold true for the glacial refugia in offshore Africa where 238 haplogroup B was detected, but since the relict accessions from Iberia contained both 239
haplogroups A and C, it seems likely that the breakdown of SI in A. thaliana occurred 240
prior to the last Ice Age, and that the dramatic reduction of the number of S-haplogroups 241
(as compared to self-incompatible species) associated with the breakdown of SI had 242 already occurred when the glacial refugia were established. 243 244
Frequent recombinant haplotypes and their origins 245
Recombination between S-locus haplotypes is believed to be suppressed because of 246 extreme sequence divergence, and to be selectively disfavored because of functional 247 constraints (Goubet et al. 2012). Thus, the high frequency of inter-haplogroup 248 recombinants, with as many as 51.5% of accessions aligning substantially to both 249 references of haplogroups A and C, is very striking. 250
To understand the origin of the recombinants, we inspected the recombination 251 breakpoints in detail. A single recombinant haplotype sequence had previously been 252
reported with the scenario that ΔARK3 in one parental C haplotype recombined heterologously 258 with the original ARK3 from an A-haplotype in heterozygous A/C plants ( Fig. S5 ), as 259
recombinants have substantial coverage that extends up to this point. We used long-260 range PCR to compare the flanking sequences of ΔARK3 in a set of eleven R1, R2, R3 or 261 R4 haplotypes (hence spanning across the A-C boundary) and found that they were 262 almost identical to those in C24, confirming that their ΔARK3 were inserted at 263 orthologous positions and therefore derive from a single duplication event. 264
To In A. thaliana we find yet another pattern, combining species-wide loss of SI with the 305 maintenance of at least three non-functional S-haplogroups (given the large sample  306 analyzed here, from a broadly distributed set of populations, it is unlikely that additional 307 haplotypes, if they exist, have substantial frequencies). Given that the number of S-308
haplotypes that segregated in the ancestral outcrossing species was very large, this 309 entails a major reduction in the number of SI alleles (Fig. 7) . Still, the existence of more 310 than one non-functional haplotype is puzzling, and raises the question why the first 311 disrupted haplotype did not become fixed species-wide if the conditions for invasion 312 were met. A first possibility is that different selfing genotypes became fixed in separate 313 glacial refugia. This might be true for haplotype B, which we found to be restricted to 314 offshore Africa. However, the widespread geographical distribution of both haplogroups 315
A and C shows that their putative fixation did not occur within specific refugia from the 316 last glaciation. We even found that both haplotypes segregate among relict accessions 317 from the single Iberian refugium, demonstrating that they were already co-occurring 318 when the refugium was formed (Fig. 7) . Hence, local fixations of alternative S-haplotypes 319 in refugia, if they happened, must have taken place during an earlier glacial cycle, 320 followed by secondary admixture during a previous interglacial period. 321 A second possibility is that the species-wide fixation process was slow, providing 322 enough time for the emergence of several non-functional haplotypes. based on detecting small gene fragments that we found to have been subsequently 346 deleted in specific haplotypes (Fig. S2 ). With the whole S-locus sequence, we have much 347 greater power to detect recombination events even after subsequent deletions have 348 occurred. 349 Our data show that in self-compatible A. thaliana, where functional constraints are 350 absent, recombination has occurred repeatedly between a pair of highly diverged 351 haplogroups. Hence, the extreme level of structural polymorphism among haplogroups 352
does not seem to prevent recombination. We note, however, that the signatures of inter-353
haplogroup recombination indicate that it is caused by unequal crossing-over involving 354 a duplicated copy of the flanking gene ARK3 (Fig S5) first reported the extensive structural rearrangements at the S-locus region of C24, 367
proposed two scenarios for the loss of SI in the recombinant haplotypes: (1) 368 recombination between the haplogroups A and C in a heterozygous self-incompatible 369
individual causing loss of SI, followed by subsequent restructuring, or (2) inactivation of 370 the haplogroups A and C by independent rearrangements and deletions followed by 371 recombination in a self-fertile heterozygous individual. We found that all recombinant 372 haplotypes containing the SCR-A region had the 213-bp inversion in SCR-A, which was 373 reported to be responsible for the loss of SI within haplogroup A (Tsuchimatsu et al.  374 2010). This result suggests that pseudogenization of SCR-A preceded the recombination 375 events as well as the large deletions. In addition, our results suggest that the parental 376 haplotype carrying haplogroup C was also non-functional due to the loss of the SCR 377
promoter region, such that we have high confidence that the SI system of the A/C 378 heterozygote was already deactivated. Finally, the fact that none of the relict accessions 379 had any of the large-scale rearrangements we identified, strongly suggests that those 380 rearrangements happened in the very recent past, possibly post-glacially, and were 381 specific to the invasive "weedy" lineage that recolonized most of Eurasia ( Fig. 7) . At any 382 rate, it is now clear that the independent recombination events and their associated 383 structural rearrangements represent truly secondary decay that occurred after the loss 384 of SI of both parental haplotypes. 385 386 387
Materials and Methods
389
Isolation of a genomic fragment containing the A. thaliana C haplogroup 390
Isolation of a genomic fragment containing the A. thaliana C haplogroup was 391 performed according to Goubet et al. (2012) . Briefly, high molecular weight DNA was 392 prepared from young leaves of the Ita-0 accession and a BAC library was constructed. 393
The library was screened on nylon filters using radiolabelled probes designed from the 394 flanking genes ARK3 and PUB8. Positive BAC clones detected by hybridization were 395 validated by PCR amplification using the primer pairs used for probes synthesis, and 396 visualisation of PCR products after agarose gel electrophoresis. The BAC clone was 397 sequenced at Genoscope using a 454 multiplexing technology on the Titanium 398 sequencer version (www.roche.com). De novo assembly was performed by Newbler 399 (www.roche.com) and the sequence was obtained in five contigs. Only contigs 400 representing the extremities of the BAC were initially oriented. Long-range PCR was 401 then employed to order and orientate the rest of the contigs (Table S1) primer pairs located within the exon 1 for SRK14, surrounding the intron 1 for SRKIta-0 416 and on the ATG and the stop codons for SCR. The constitutively expressed gene ACT8 417 was used as a control to normalize loading of RT-PCR products. Amplification using 418 primers located within a non-expressed region (intergenic region between At1g49230 419
and At1g49240 (ACT8)) confirmed the absence of DNA contamination (data not shown). 420
Primer pairs for SRKIta-0 and SCRIta-0 were tested using, as template, BAC DNA (BAC) 421
containing the S-locus of Ita-0. The PCR products amplified correspond to the genomic 422 fragments including introns (1229 and 1288 bp respectively). 423 424
Analysis of the S-locus region in accessions from the 1,001 genomes project 425 We used the paired-end reads from whole genome sequencing of 1,083 accessions 426 from the 1,001 genomes project. Briefly, each accession was sequenced using Illumina 427 sequencing with paired-end reads of 76 bp. Because of the large sequence divergence 428 among haplotypes, the S-locus can typically not be assembled using standard 429 procedures (i.e. mapping on a single genomic reference, Col-0). Hence, for each of these 430 accessions, three new alignments of the S-locus were performed using the Burrows-431
Wheeler Aligner (Li and Durbin 2009), taking in turn each known sequence (Col-0 for 432 haplogroup A, Cvi-0 for haplogroup B, Ita-0 for haplogroup C) as a reference. 433 We then plotted for each accession the proportion of nucleotide positions showing 434 non-zero coverage (>1 reads) on references of haplogroups A, B and C. We masked 435 transposable elements (TE) for this analysis, as the extremely high coverage on TEs 436 would be mainly due to non-specific reads and thus confound the results. This analysis 437 revealed a discrete set of coverage patterns, suggesting a limited number of S-locus 438 types among accessions. Based on a representative subset of accessions for each main 439 type, we then searched manually for fragments of the reference sequences that 440 distinguished among these main types. While most fragments varied in a highly 441 coordinated manner, a 12kb fragment of Ita-0 (represented by a dashed motif on Fig. 1  442 and S2) was not specific to accessions defined as haplotype C or R by all other 443
fragments. This fragment also varied in a presence/absence manner (data not shown) 444
and had substantial coverage in about 45% of all accessions but we could not confirm 445 contiguity between this fragment and its flanking sequences on the C-reference by any 446 paired-end sequencing read straddling these positions. To further examine the origin of 447 this fragment, we extracted paired end reads for which one read mapped at one 448 extremity of the fragment and the other was unmapped on the references. We then 449 blasted the unmapped reads on the complete A. thaliana genome and found for the two 450 extremities a strong homology with one particular position on chromosome 2 (around 451 position 1,825,600). This observation suggests that this 12kb fragment segregates on 452 chromosome 2 of 45% of all accessions and has been specifically inserted in the S-locus 453 of the Ita-0 accession. Consequently, we decided to ignore its pattern of 454 presence/absence in the analyzed accessions. Overall, this analysis allowed us to 455 distinguish a total of 12 different types that varied by their pattern of presence/absence 456 of the different fragments. We used this set of fragments to automatically classify the 457 rest of the accessions. A fragment was considered to be present if the proportion of sites 458
with non-zero coverage was more than the threshold value defined for each fragment, 459
and otherwise considered to be absent. 460
Based on the distribution of the median pairwise distance to all other accessions 461
computed from all SNPs (The 1001 Genomes Consortium 2016), we chose to 462 conservatively consider as relict accessions those with a median distance above 463 0.00356, corresponding to a gap in the distribution. Application of this strict threshold 464 resulted in 22 relict accessions. According to The 1001 Genomes Consortium (2016), the 465 majority of these relicts were from the Iberian peninsula (n=19) and are considered as 466 descendants from a single glacial refugium, with one accession each representing relicts 467 from Sicily (n=1), Lebanon (n=1) and the Cape-Verde island (n=1). 468 469
Targeted resequencing across the recombination breakpoint 470 We obtained sequences around the recombination breakpoints and the deletion 471 border by Sanger sequencing. DNA was extracted by Macherey-Nagel plant DNA kit. 472
GoTaq (Promega) was used for PCR. PCR products were purified by using Agencourt 473
AMPure XP (Beckman Coulter) and sequenced by Applied Biosystems 3130xL capillary 474 sequencer. For primers used, see Table S1 . Sequences were inspected by eye, assembled 475 and aligned by using the CLC Main Workbench. For long-range PCR fragments, internal 476 primers were designed to tile the fragments entirely. 477 478 479
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which was reported previously in the C24 accession, was not found in other accessions, 671
suggesting its uniqueness to C24. We confirmed that it indeed exists in the C24 672 accession by Sanger sequencing. 673 674 Figure 7 . Scenario for the multiple loss of self-incompatibility, subsequent decay 675 of the S-locus and distribution of S-haplotypes in different glacial refugia. The 676 number of functional S-haplotypes was initially very large in the outcrossing ancestor, 677
while only three S-haplogroups currently segregate, each containing specific inactivating 678 mutations. As glacial refugia became isolated, genetic drift led to differential fixation of 679 S-haplogroups in the different refugia, while others remained polymorphic (as in the 680
Iberian refugium). The lineage from the refugia that became invasive thoughout Eurasia 681 specifically acquired a local duplication of the flanking gene ARK3 on haplogroup C that 682 allowed for repeated recombination events among copies of the different S-haplogroups 683 that were locally segregating. 684 685 Figure S1 . Phylogenetic tree of SRK-C amino acid sequences from a subset of 686 haplogroup C and R accessions (R0 haplotype) of A. thaliana together with sequences 687 from the outcrossing relatives A. lyrata (AlSRK36) and A. halleri (AhSRK36). The 688 phylogeny was obtained with the neighbor-joining algorithm in MEGA5 (Tamura et al. 
